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INTRODUCTION 
The production of grapes on a commercial basis in Iowa is limited 
primarily to the southwestern portion of" the State, in the vicinity of 
Council Bluffs. This crop, therefore, accounts for only a small part 
of the total area of the State devoted to commercial crop production. 
Although it is not widely distributed as a commercial crop, the grape is 
one of the most popular home garden and local market fruits. Concord is 
by far the most popular variety in either commercial, home garden, or 
local market plantings. 
The synthesis of 2,4-dichlorophenoxyacetic acid (hereafter referred 
to as 2,4-D) and the discovery of its properties as a selc ive herbi­
cide marked the beginning of a new era in weed control. Investigators 
quickly recognized the many advantages of this approach to weed control 
and developed methods and techniques for its use in tolerant crops. Since 
then, it has become widely accepted as the most satisfactory current method 
of weed control for much of the land area devoted to crop production in 
Iowa. As the use of 2,4-D has increased, there has been an increase in 
the amount of 2,4-D injury observed on grapes. This injury as expressed 
visually is characterized by leaf distortion, spindly cane growth, loss 
of green color of ^he leaves, uneven and delayed ripening of the fruit, 
bushy growth from excessive branching, reduced winter hardiness, and in 
more severe cases necrosis of leaves and canes of current season's growth. 
A look at the external manifestation of symptoms by a trained observer 
suggests various alterations in the metabolism and internal structure of 
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the plant which could contribute to these symptoms. Even though a large 
amount of research has been centered around support for these theories 
of alterations, present knowledge is not sufficient to allow postulation 
of a mechanism of action. 
There has been an effort on the part of the growers to isolate their 
plantings so that the injury would be either minimized or prevented. This 
has been done through mutual agreement not to spray areas surrounding 
grape plantings, and through cooperation from public utility maintenance 
crews in preventing spraying with 2,4-D in adjacent areas. Even with 
these precautions, injury is observed to be fairly severe in most plant­
ings during the growing season in Iowa. Observation over a large part 
of the state by trained personnel has shown that it is virtually impossible 
to locate a grape plant which does not show symptoms of exposure to 2,4-D 
during that period of the growing season when this herbicide is being 
widely employed for weed control. In the area of commercial production 
in southwest Iowa the symptoms were severe enough to invoke a legislative 
resolution prohibiting the use of the highly volatile forms of 2,4-D. Al­
though symptoms are still prevalent in this area, yields have increased 
substantially over previous years. There is still some problem with late 
and uneven ripening of the crop. Perhaps a better solution to the prob­
lem would be an alternative to the use of 2,4-D. 
New commercial plantings are not being made at a sufficient rate to 
replace the older plantings which have passed the stage of profitable 
production. One reason for this is undoubtedly the effect of 2,4-D on 
production profits. As an over-all result the grape industry is becoming 
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a decreasing part of the farm product of Iowa. The result will, by neces­
sity, be either replacement with an alternate income group or loss of 
this category completely. This could be quite undesirable since grape is 
not a subsidized crop, and could easily help the economy in some sections 
of Iowa as well as lend strong support to the over-all state production. 
With these views in mind, this experiment was designed to study and 
evaluate the effect of 2,4-D on the establishment and subsequent growth 
and development of Concord grapes under conditions of continuous exposure 
to sub-lethal concentrations of the chemical. It was planned to give 
varying concentrations of volatile vapors of the chemical from a known 
release concentration so the plant would receive an exposure dependent up­
on the distance and direction from the source. Movement of the chemical 
from the source to the plants was dependent upon atmospheric conditions. 
The results of this exposure were evaluated in terms of terminal growth, 
malformation of tissue, yield, gas chromatographic analysis of residue in 
tissue, soluble solids of fruit, quality of wine processed from the fruit, 
and pruning weights. 
It should be understood that the conditions in Iowa during the grow­
ing season made it impossible to have plants which did not show injury 
symptoms in the field experiment. Because of the experimental design, 
however, it is assumed that the effect from sources other than the experi­
mental one was uniform over the experiment. Results are reported as 
measurements relative to other plants in the experiment. 
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REVIEW OF LITERATURE 
The use of chemicals in weed control, is relatively new. This 
method has, however, become one of the most popular and one of the most 
effective means of controlling many weed species in cultivated as well as 
noncultivated crop areas. A major reason for this success has been the 
discovery and use of selective herbicides. One of the first and most 
useful of the selective herbicides discovered was 2,4-D, which can be 
employed in many crops for almost complete control of broad-leaved weeds. 
As could be expected, however, it is not the complete answer to weed prob­
lems , and has caused much concern in certain areas where economic crops 
with little to no tolerance are grown in close association with crops 
which are tolerant. This problem has been severe enough in certain areas 
to result in legislation prohibiting the use of any form of 2,4-D, while 
in others there have been legislative restrictions only on the more vola­
tile forms. In some areas of intensive culture of nontolerant crops the 
user is liable for all injury, solely upon the basis of proof that 2,4-D 
was used. 
The first mention of 2,4-D in the literature is an article by 
Pokorny (42) describing the method of synthesis in 1941. He mentions 
only the physical and chemical properties of the compound, and it is ques­
tionable whether he was aware of its hormonal or herbicidal properties at 
that time. 
In 1942, 2,4-D was included in an experiment by Zimmerman and Hitch­
cock (59) to determine the hormone-like effect of several new chemicals 
on cucumber, garden pea, potato, çnapbean, and tomato. They found 
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measurable cell elongation in tomato using concentrations as low as .0007 
percent in lanolin paste. Other responses noted at this time with higher 
concentrations were modifications of the shape of the new organs, modi­
fication of leaf veination, adventitious root formation, and production 
of seedless fruits. The acid of 2,4—D and its derivatives were most ac­
tive in growth as measured by cell elongation. 
Prior to this time, 2,4-D had not been considered an herbicide, but 
in 1944 Marth and Mitchell (34) sprayed a bluegrass lawn with 0, 500, and 
1000 ppm and reduced the dandelion population by 75.6% at 500 ppm and by 
96.0% at 1000 ppm within a 24-day period during which the control plots 
more than doubled in dandelion population. The affected plants in the 
treated plots disintegrated rapidly, so apparently there was no adverse ef­
fect on soil organisms. This same year Hamner and Tukey (22) controlled 
bindweed in an apple nursery with the application of 1000 ppm, 2,4-D. 
They also made a water spray application to a bluegrass lawn infested 
with dandelion, plantain, round leaved mallow, and white clover. All plants 
of dandelion, plantain, and mallow were dead and disintegrated within 30 
days and most of the clover was dead. The bluegrass became dark green in 
color, but was not otherwise affected. In addition they sprayed field 
mixtures of common weeds and obtained no visible effect on quackgrass, 
bluegrass, yellow foxtail, wild oats, large and small crabgrass, barnyard 
grass, or goosegrass. Broad-leaved weeds such as pigweed, purslane, milk­
weed, and plantain were killed. 
These results led to a concentrated effort to determine the causes of 
the differential effects of 2,4-D. Tukey et al. (52) studied histological 
changes in bindweed and sow thistle following application of 2,4-D acid 
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and proposed the following four possible mechanisms contributing to its 
herbicidal action; 
1. Depletion of chlorophyll in the leaves, and diminishing food 
supply. 
2. Proliferation of the phloem in the vascular bundles interfering 
with translocation. 
3. Depletion of food reserves by increased respiratory activity. 
4. Disorganization and rupture of rhizomes and root cortex, lead­
ing to invasion by soil pathogens and decay organisms. 
Much of the succeeding work attempted to substantiate one or more of these 
possibilities of mode of action. Brown (9) found that bean plants sprayed 
with 1000 ppm absorbed and transpired 34% less water in the first five 
days following treatment than the untreated plants. The rate of accumu­
lation of water in the leaves of treated plants was depressed, but in the 
stem tissue it was accelerated so that on an over-all basis the treated 
plants had a higher percentage of water than the untreated ones. The above 
ground parts of the treated plants decreased in solid matter, and had a 
significantly higher respiration rate as measured by CO2 output. Eames 
(16) studied the development of the phloem in the hypocotyls of bean seed­
lings treated with 2,4—D and found that no secondary phloem developed be­
cause the initials were proliferated. As a result, after 8 to 13 days 
there was essentially no phloem remaining between the photosynthytic or­
gans and the root system. 
Physiological actions of 2,4-D offered attractive explanations, 
Rasmussen (44) reported that dandelion showed a rapid increase in reducing 
sugar content of the roots following application of 2,4-D, which later de-
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creased toward the level of the control. The sucrose content of the 
roots declined slowly after treatment, and the dextrin and levulin con­
tents decreased rapidly. The decrease in carbohydrate reserve was more 
than enough to account for the increase in reducing sugars. The loss in 
reducing sugars after a rapid increase could be accounted for by the in­
creased rate of respiration, indicating little if any use of sugar for 
growth response. Smith et al. (49), working with bindweed, found that 
there was a rapid increase in total sugars in leaves, stems, and underground 
parts in the first few days after treatment with 2,4-D, followed by a de­
crease to the level of the control. The starch dextrin fraction decreased 
to one third the control levels in ten days. Total nitrogen decreased 
steadily in the leaves of the treated plants, but increased in both the 
stems and underground structures. The change in nitrogen content appeared 
to be correlated with increased meristematic activity. Smith (48) found 
that slices of red kidney bean stem treated with 2,4-D usually showed a 
significant increase in respiratory activities. Respiration in the treated 
material increased to a maximum by the seventh to ninth day, varying from 
2.5 to 4 times the rate of the untreated. Sell et al. (47) treated red 
kidney bean plants with 2,4-D acid and found that protein and amino acids 
accumulated in the stems of the treated plants. Reducing and non-reducing 
sugars were depleted in the treated plants, indicating that a large portion 
of the carbohydrates was utilized in protein synthesis. There was also 
a decrease in the amount of crude fiber in the stems of the treated plants, 
indicating that the simple sugars were not being utilized in the formation 
of this material. Wort (56) treated buckwheat with 1000 ppm and detected 
an increase in total sugars of the stem and a decline of nitrogen in the 
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leaf. Klingmanand Ahlgren (28) reported that treatment of wild garlic 
plants with 2,4-D slowed the rate of plant elongation and reduced bulb 
formation. There was a reduction in dry weight, total sugar, total poly­
saccharides, and total nitrogen after five weeks. The quantity of total 
nitrogen per plant was less in treated plants, but the percentage of total 
nitrogen was higher than in the check plants because of loss of other con­
stituents. Freiberg and Clark (18), working with soybeans, reported that 
treatment with 2,4-D caused no difference in total nitrogen, but did cause 
a difference in tissues. Nitrogen was lower on a per plant basis in the 
leaves and much higher in the stems and roots of the treated plants. Ap­
parently some of the proteins in the leaves of the treated plants were hy-
drolyzed and the products translocated to the stems and roots. Proteolytic 
activity was decreased markedly by treatment with 2,4-D. Akers and Fang 
(1) reported that the rate of photosynthesis in bean plants was markedly 
reduced by treatment with 2,4-D. Using labeled 2,4-D they found that 
the incorporation of into aspartic and glutamic acid was 3 to 4 times 
greater in the treated plants than in the controls. Since the total 
quantities of aspartic and glutamic acids decreased in the treated plants, 
they concluded that 2,4-D may affect both the synthesis and the oxidation 
of these two amino acids in bean plants. Humphreys and Dugger (24) re­
ported that 2,4-D increased the amount of glucose catabolized via the 
pentose phosphate pathway in corn and oat seedlings, and decreased the 
amount catabolized via this pathway in pea seedlings when the cotyledons 
remained intact. In contrast there was no change in the glycolytic path­
way when cotyledons were removed. Humphreys and Dugger (25) working with 
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respiration of etiolated pea seedlings after treatment with 2,4-D, postu­
lated that 2,4-D increased respiration by causing more glucose to be 
catabolized via the pentose phosphate pathway. 
By this time, there was sufficient evidence to indicate that at 
least one effect of 2,4-D was on an enzyme or an enzyme system. Wort 
(56) suggested that since an enzyme consists of a protein and a nonprotein 
it was possible that 2,4-D could alter the protein or the nonprotein, or 
compete for the binding site on the protein or nonprotein. Indirectly it 
could alter pH and degree of hydration, inactivate the enzyme, or cause 
a side reaction which would yield products in sufficient concentration to 
cause a change in metabolism. Albersheim and Bonner (2) reported that lAA 
increased the activity of the cold water soluble pectin fraction to several 
times that of the other pectin fractions. Galston and Kaur (19) reported 
that treatment of growing pea stem tissues with 2,4-D and other auxins re­
sulted in decreased heat coagulability of the soluble proteins of the 
particle-free homogenate. Galston and Kaur (20) suggest that the decrease 
in heat coagulability of the protein may be due to the increase in cold 
water soluble pectin activity. 
It was obvious that 2,4-D was absorbed and translocated by the plant 
in a form which was detrimental to many species. Barrier and Loomis (5) 
reported that absorption of 2,4-D by leaves was increased by surface 
active chemicals and temperature increases. Absorption was not reduced 
by depletion of leaf carbohydrates, but translocation from depleted leaves 
was slowed or stopped. Added sugar increased translocation from carbohy­
drate depleted leaves and it is suggested that a chemical or physical 
transformation must occur before translocation from the leaf occurs. 
10 
Mitchell and Brown (35) working with snap beans found that translocation 
of 2,4-D from the leaves to the stem was slow in darkness, GO2 free air, 
or from young, rapidly growing leaves. Movement of the acid stimulus 
from leaves occurred at a continuous flow under conditions favorable for 
carbohydrate transfer and was confined to living cells, but movement from 
the roots was through nonliving cells of the stem. Crafts (13) using 
labeled 2,4-D showed that movement was most rapid and extensive in 
plants in the seedling stage growing in moist soil, and Crafts and Yamagu-
chi (14), again using labeled 2,4-D, found that the chemical failed to 
move out of the chlorotic areas of variegated leaves, but moved readily 
from the green areas. In solution cultures of cotton and Zebrina, treatment 
of the Zebrina leaves resulted in movement into the solution through the 
roots and uptake by the cotton. Treatment of Zebrina plants at different 
nutrient levels indicated that active root growth, as determined by nu­
trient level, was essential for translocation from leaves to roots. Re­
moval of all leaves except basal, and treating them, resulted in movement 
both up and down. Jaworski et al. (26) found that 2,4-D was absorbed by 
etiolated bean plants, but that it was necessary to add sugar to obtain 
translocation from the leaves. The 2,4-D was metabolized in the leaves 
of etiolated plants as well as in normal plants. Hay and Thimann (23) 
found that the uptake of 2,4-D by a cut flap of the primary leaf of bean 
was accompanied by extensive breakdown. Translocation was proportional to 
the quantity applied up to 75 ^ g per plant, but larger quantities inhibited 
translocation out of the leaf. Transport did not occur in the dark unless 
suga was added, but added sugar did not increase transport in the light. 
Before translocation can occur the chemical must gain entry into the 
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plant. Bradbury and Ennis (7) working with kidney bean found that 2,4-D 
caused stomatal closure with leaf application, and that the extent of re­
opening of the stomates decreased as the concentration of 2,4-D was in­
creased from 10 to 1000 ppm. They girdled some of the plants before treat­
ment and obtained stomatal closure, indicating that the closure was a 
direct effect of 2,4-D on the leaves rather than an indirect effect on the 
water absorbing mechanism of the roots. Bryan et al. (10) found that ab­
sorption of 2,4-D, as measured by deformation of the plant, was approxi­
mately doubled by a 10° rise in temperature between 5 and 25°G, indicating 
that movement across cutin, cellulose, and protoplasmic membranes was not 
by simple diffusion. Glucose, sucrose, fructose, lactose, or mannitol added 
at 0.5 to 1.0 percent increased injury, whereas higher concentrations re­
duced injury, possibly because of hardening. Pallas (39), using labeled 
2,4-D, reported increased absorption by kidney bean from 20 to 30°G. Us­
ing different humidity levels he also found that more 2,4-D was absorbed 
and translocated at high humidity than at low humidity, correlating closely 
with the degree of stomatal opening. In an attempt to determine if sensi­
tive plants absorbed and translocated 2,4-D as effectively as less sensi­
tive plants, Williams et al. (55) found that Jimson weed and bur cucumber 
(less sensitive) absorbed and translocated greater quantities of 2,4-D 
during a 24-hour period than did cocklebur (very sensitive). Transloca­
tion of 2,4-D in cocklebur appeared to be confined to the conducting tissue 
directly connecting the stem and treated branch, as shownty death of this 
part of the pl^ , .lile the remainder of the plant appeared normal. 
Another phase of physiological investigation was an effort to deter­
mine the chemical fate of the molecule of 2,4-D after it entered the plant. 
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Brown (8) reported persistent effects on Melia (M. azedarach) after 
autumn spraying of the area around the base, on the first growth the 
following spring. Pridham (43) reported a range of symptoms expressed 
by seedlings of red kidney bean from parents which had been sprayed dur­
ing the ripening of pods, while unsprayed plants yielded normal seedlings. 
Tullis and Davis (53) observed symptoms on the first growth of Chinese 
tallow trees (Sapium sebiferum) following fall spraying, but not on China-
berry, indicating that persistence may depend upon the species. Dhillon 
and Lucas (15) using red kidney bean as a biological indicator, found 
that symptoms were produced up to 26 days after treatment of tomato plants 
with 2,4-D by applying an extract of the leaves and upper half of the 
stem to the bean plants. Weintraub et al. (54) applied 2,4-D to the buds 
of cherry in the fall and found that part of it was metabolized to other 
products during the dormant season, but that part of it remained unaltered 
until the following spring. Luckwill and Lloyd-Jones (30, 31) reported 
that resistant varieties of apple decarboxylated 57% of the applied 2,4-D 
in 92 hours, whereas susceptible varieties decarboxylated only 2%. Simi­
lar high rates of decarboxylation were found in resistant varieties of 
strawberries. Full grown leaves decarboxylated 2,4-D at twice the rate of 
young leaves. With black currant (very susceptible) anJ red currant (re­
sistant) they found that over a period of 139 hours the black currant had 
little reduction in 2,4-D content, whereas the red currant fell to 20% of 
its original level. This result was primarily caused by the ability of 
the red currant to break down the side chain. Bach (4), using radioactive 
2,4-D, recovered half of the original radioactivity in ten components of 
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an ether extract of bean stems. Tests for functional groups indicated 
that these components had retained the aromatic nucleus of 2,4-D and that 
some of them had phenol and alcoholic groups, but there was no evidence 
of aliphatic unsaturation. Bell (6) reported that ultraviolet light 
caused the decomposition of 2,4-D to phenolic compounds and perhaps to 
aliphatic products. The products from a similar dosage of ultraviolet 
light differed according to pH and concentration of the treated solution. 
Payne and Fults (41), using a biological criterion, found that the potency 
of 2,4—D was increased by exposure to ultraviolet light. 
To determine the effect of 2,4-D on sensitive plants grown in treated 
soils, as well as the effect on soil microorganisms, the effect of the 
soil on the chemical should be known. Carlyle and Thorpe (11) found that 
0.5 ppm of the sodium and ammonium salts of 2,4-D in the soil seriously 
restricted germination, growth, and nodulation of bean, pea, red clover, 
and alfalfa. There was no effect on the rhizobia until a concentration 
of .03% (200 lbs/acre) was reached, so it would appear that the deleteri­
ous effect was on the plant itself and not the bacteria. Payne and Fults 
(40) grew snap beans in a pretreated soil and found that the lowest con­
centration which prevented nodulation was equivalent to 0.075 pounds per 
acre. Worth, and McCabe (58) working with aerobic, anaerobic and faculta­
tive bacteria found that those organisms which require free oxygen for 
respiration were killed by 2,4-D, but that those capable of anaerobic 
respiration were not significantly affected. In some instances it appeared 
that the lower concentrations increased growth. 
It appears that the effect of 2,4-D depends upon several factors, of 
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which the most important is the plant. Clore and Bruns (12) observed 
symptoms on Concord grapes with single leaf applications as low as 0.^001 
/ig on young plants. Older, more hardened plants showed only slight mal­
formation with concentration of 512 yug. Scholz (46) found that direct ap­
plication of 2,4-D to Concord grapes in the field retarded "ipening, but 
did not effect flowering or fruit set. He did not find carry-over ef­
fects except at high cr centrations. Stewart et al. (50), in a program 
to eradicate wild grape, found that the isopropyl ester of 2,4-D in a 
petroleum solvent was more effective than a water spray of the same materia 
al. Ennis and Williamson (17) found that 2,4-D in both triethanolamine 
salt and ethyl ester forms was more effective in reducing yield of soy­
beans when sprayed in smaller droplets. Marth and Mitchell (33), using 
bean and tomato plants as biological indicators, studied the volatility 
of various forms of 2,4-D. They found that with over 10 days of exposure 
under bell jars, the acid, sodium salt, ammonium salt, triethanolamine 
salt, and amide produced no epinastic effects. With methyl, ethyl, and 
butyl esters the plants showed epinastic effects in one hour, and three 
washings with 95% alcohol and three with hot water were necessary to clean 
the jars sufficiently to prevent symptoms on later test plants. Anderson 
et al. (3) determined the rate of evaporation of 2,4-D acid and ethyl 
ester by applying them to a glass surface of known area. During a three 
day period following application there was no loss of weight with the acid 
sample, but the ester lost 86% of its original weight. Guzman (21) con­
cluded from field experiments with the amine and ester forms that both 
drift and volatility were important factors in the amount of injury re­
ceived. King and Kramer (27) found no appreciable difference in tl. 
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toxicity of polyethylene glycol and butyl esters of 2,4-D when they were 
sprayed on the plant, but noted that under bell jars with unsprayed plants, 
only the butyl ester produced toxic symptoms. Mullison and Hummer (38) 
placed air dry seeds of susceptible crops into air tight jars with a 
highly volatile source of 2,4-D for various lengths of time. They found 
that the germination and seedlings were affected, and that the degree of 
severity was proportional to the time of exposure. The longer-chain car­
bon esters had less effect than the shorter-chain esters. Mullison (37), 
using bell jars, verified that volatility was associated with the length 
of the side chain of the ester. He showed also that the alkanolamine salt 
and the sodium salt were not volatile. Rossman and Staniforth (45) found 
differences in the response of inbred lines of corn when treated at several 
stages of development. The seed produced by treated plants and seedlings 
from them were less affected in the lines showing the greatest injury at 
the time of treatment. 
Analysis for 2,4-D in plant tissue has gone through several phases, 
beginning with biossay techniques. Leonard et al. (29) developed a bio-
assay method utilizing cotton as the indicator and treating it with a 
concentrated plant extract. Mitchell (36) developed a technique utilizing 
paper chromatography to separate and identify some of the chlorinated 
organic pesticides. Szabo (51) developed a technique for separation and 
identification of the amine and acid forms by paper chromatography from 
an extract of soybeans. Various other methods have been developed to ob­
tain a qualitative measure from plant extracts. It is desirable to have 
both qualitative and quantitative measurements. Marquardt et al. (32) 
reported a technique using gas chromatography, which can give both 
measurements simultaneously. Chemical methods are available but are 
long and complicated. 
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MATERI'LS AND METHODS 
This study was a part of a large experiment, which was designed to 
expose horticultural crops to continuing contamination with 2,4-D, as 
could occur from vicinity sprays or from leaky storage, and to obtain 
represent"' ive data on the effect of this tre<. ..cnt on the performance of 
selected plant material. There were several crops other than grape in the 
experiment, but only the data which relate directly to grape are reported 
here. 
The land area used for the experiment was 300 feet square and slight­
ly over two acres in area. The soil type was Webster si?t loam. This 
area was subdivided in the following •. —• " to accommodate the selected 
design. The center of the plot was loc. ted with survey equipment and 
marked. Then using the center point as a reference for all other divi­
sions, concentric circles were established, beginning 20 feet from the 
center and proceeding out to 148 feet from the center at eight foot inter­
vals for a total of seventeen circles. The circular area was then divided 
into four quadrants of 90° each, which wer^ further divided into three 
sectors each of 30° to give a total of twelve, 30° sectors with seventeen 
arcs in each sector (Figure 1). Rows were numbered from 1 to 17 beginning 
at the center and sectors 1 to 12 beginning with the first sector east of 
true north. 
Research workers from six areas of horticulture were involved in the 
study. Each one selected the crop from his special area which was con­
sidered to be the most sensitive to 2,4-D. Planting space was then al­
located as 5° in each arc of each sector to each investigator. Each see-
tor was therefore divided into six 5° segments, and the selected crops 
were randomized in each arc of each 30° sector. The crops were planted ac­
cording to a randomized plan so that each crop could be analyzed for direc­
tion effects on a sector basis, and for distance effects on a row basis. 
Access paths were established in each quadrant. Three of these were 
four feet wide, and one was twelve feet wide to allow passage of machinery. 
These paths were designed in pinwheel fashion to prevent the possibility 
of creating a wind tunnel effect which would complicate the experimental 
results. 
A volatile source of 2,4-D was placed in the center of the experiment, 
dependent upon atmospheric conditions for the distribution of the chemical. 
To keep the source as near average atmospheric conditions as possible, a 
shelter four feet square with open sides and a cover of reflective sheet 
metal was constructed. This construction was intended to prevent dis­
turbance of the source by rain and to maintain air temperature at the source 
comparable with that of other areas of the experiment. Sod was established 
over a ten foot area on all sides of the source in an added effort to 
stabilize atmospheric conditions in that area. 
The chemical was disbursed from two pieces of double fold cheesecloth, 
four feet long and eight inches wide. These were supported by two wires 
within the shelter, forming an X at the center of the experiment. The 
cheesecloth was saturated with a 10,000 ppm suspension of butyl ester of 
2,4-D, and then squeezed to prevent dripping and contamination of the ap­
plication area. The cloth was changed every three days to maintain a con­
stant source of volatility during the growing season. Strict precautionary 
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measures were taken to prevent contamination when entering or leaving 
the area with the changes of source. The cloth was treated in the labora­
tory and sealed in a polyethylene bag for transport to the experimental 
area. The bag was opened only at the center of the experimental area, at 
which time the old source was replaced with the new one and then sealed 
in the bag for removal from the area. Plastic gloves were worn by the 
investigator at all times when handling the material, and these also were 
placed in the bag for transport into and out of the area. 
Figure 1 shows the experimental design. Figure 2 shows an aerial 
view of the area after it was planted. Figure 3 shows the dispersal 
mechanism including the wires, shelter, and cheesecloth. 
The grape plants used in this experiment were Concord, which is the 
predominant variety in Iowa, They were planted May 5 through 7, 1962 and 
pruned to two buds each. Because of space limitations the inner two rows 
had only one plant per sector. The third through the seventeenth rows 
inclusively contained two plants per sector, giving a total of 38^• in the 
experiment. Individual trellises were constructed and placed at each plant­
ing location immediately following planting. The trellises were of 
standard dimensions, but instead of wires for support 1" x 2" boards were 
used as cross members. This enabled two plants to be supported by one 
trellis. Figure 4 shows the trellis system used. The pruning system used 
was a modified four-cane Kniffen. The modification was to prune each cane 
to two fruiting buds instead of the customary 10 to 15 in order to keep 
the vines within a relative size for the trellises and the experiment. 
Growth measurements were made to the nearest inch of linear growth per 
plant. Injury ratings were based on a 0 to 5 system where 0 equals no 
Figure 1. Scale drawing of experimental design oriented with north at 
the top and with all subdivisions of the area represented 
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Figure 2. Aerial view of experiment after planting oriented with 
north at the top; windbreaks represent an effort to 
isolate the area 

Figure 3, 2,4-D dispersal mechanism with wires, shelter, and cheesecloth 

Figure 4. Trellis system used to support the grape plants within the experiment 
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visible symptoms, and 5 equals the most severe symptoms. Soluble solids 
of fruit were measured with a B and L ABBE-56 refractometer. Analysis for 
2,4-D content of tissue was done with a Wilkin's Hy Fi 600-C gas chromo-
tograph, and recorded on a Sargent model SR recorder. The extraction 
procedure was modified from Marquardt (32) for use with the electron cap­
ture detector was; 
1. Solvent A; a ratio of 10 parts 10% sulfuric acid, 15 parts 95% 
ethyl alcohol, 25 parts petroleum ether, 75 parts ethyl ether. 
2. Solvent B; ethyl ether-petroleum ether v/v. 
3. Place 25-50 g of plant material in a blender with 150 ml of solvent 
A and macerate. 
4. Pour slurry into 500 ml Erlenmeyer flask, cover and agitate for one 
hour. 
5. Filter through Whatman #1 paper and wash the residue twice with 
25-50 ml of solvent B. 
6. Combine filtrate and washings in a 500 ml separatory funnel. 
7. Add 75 ml 3% bicarbonate solution and mix carefully. 
8. Add two additional 50 ml aliquots of 3% bicarbonate solution, 
shaking vigorously after each, and allowing the two phases to 
separate completely after each shaking. 
9. Retain aqueous layer. 
10. Wash twice with 50 ml aliquots of petroleum ether and discard the 
petroleum ether. 
11. Acidify to pH 3 with 10% H2S0^. 
12. Extract with three 30 ml aliquots of ethyl ether and discard aqueous 
phase. 
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13. Remove water from the ether phase with Na^SO^. 
14. Concentrate to dryness. 
15. Take up residue in 15 ml benzene and transfer to a clean vacuum flask. 
16. Concentrate to dryness again. 
17. Take up in 3 ml of benzene and transfer to a glass stoppered flask. 
18. Add 2-3 drops of diazomethane, stopper and allow to stand 10-15 minutes. 
19. Observe 
(a) If yellow color is gone, repeat 18 and 19. 
(b) If yellow color is present, bring up to volume and analyze. 
Statistical methods are explained where they are used as they pertain 
to the data presented. 
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PRELIMINARY INVESTIGATION 
Much previous investigation had been directed toward the analysis of 
2,4-D injury but most of it could be classified in one of two categories. 
It was either of short term exposure and observation, or short term ex­
posure and continued observation over a period of time without further 
exposure. Most of the work had been done with direct application of 
2,4-D to the plant, either by spraying or application of a lanolin paste 
containing the chemical. Some short term work had been done under bell 
jars using volatility as a treatment method, but this was primarily to de­
termine the volatility of the chemical by using sensitive plants as bi­
ological indicators. 
The object of this study was to maintain a continuous exposure of the 
selected plants over the growing season. It was necessary, therefore, to 
determine a concentration, formulation, and method of release, which would 
be suitable for this purpose without complete destruction of the experi­
mental material. Tomato was selected as a biological indicator for the 
preliminary work because it shows symptoms of 2,4-D injury readily, but 
is fairly difficult to kill unless heavy dosages are used. Seedlings were 
started in the greenhouse and transplanted to peat pots large enough to 
allow continued growth in the pot alone for several weeks. This provided 
the mobility necessary to get one exposure to a known concentration of 
2,4-D and then to move the plants to a protected area for observation of 
the symptoms expressed. The plants could also be transplanted easily to 
the field after normal hardening procedure, thus eliminating any possibility 
of confusion as to whether the symptoms expressed in the field were from 
herbicides or from transplanting. 
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The method of release of the 2,4-D was taken as the first problem to 
be solved, since the concentration and formulation could be adjusted ac­
cordingly. Two methods were considered. One was the mechanical release 
of a known volume and concentration of 2,4-D by a pressure atomizer at 
periodic intervals, and the other was to utilize atmospheric conditions 
to volatilize the 2,4-D and distribute it over the experimental area. To 
evaluate the atomization method, tomato plants in pots were placed in the 
field at 5, 25, 75, and 125 foot intervals downwind of a point of atomiza­
tion, and various formulations, concentrations, and quantities, of 2,4-D 
were released. The release of 10 ml of commercial strength ester in a 3 
to 5 mile per hour wind caused symptoms 125 feet from the point of release 
after allowing five minutes exposure time and then moving the plants back 
into the greenhouse for observation of results. These symptoms were as 
shown in Figure 5 within 24 ^ ours following treatment. On the same day 
and under the same conditions plants were treated with 1/10, 1/100, and 
1/1000 commercial strength (49% active ingredient) ester formulation, and 
in all treatments symptoms were present on the treated plants within 24 
hours at the 125 foot interval. There were small differences in the de­
gree of injury shown from this range of concentrations, indicating that 
the close association of the plants in the greenhouse could have accounted 
for some of the symptoms, since the ester was a volatile formulation. To 
evaluate this possibility, the trials were repeated with an amine formula­
tion which had been reported to be nonvolatile. Under similar conditions 
symptoms were present within 24 hours over the entire range, and of suf­
ficient intensity to show that these concentrations would not be sub­
lethal under constant exposure conditions, as shown in Figure 5. 
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To determine the approximate value of volatility as a factor in the 
production of these symptoms, a series of bell jar experiments were set 
up in the laboratory. Seedling tomato plants, selected for uniformity 
at the four leaf stage, were treated with an ester and an amine formula­
tion as follows. The plants were placed under bell jars with 0.2 ml. of 
1 ppm, 1000 ppm, or commercial strength 2,4-D on a watch glass. At the 
end of one week^ under these conditions the following results were noted: 
1. Plants exposed to commercial strength ester were dead and decomposing. 
2. Plants exposed to 1000 ppm ester had died back from the growing point, 
leaving only the lower two leaves and the stem below alive. 
3. Plants exposed to 1 ppm ester exhibited characteristic malformation 
of the foliage. 
4. All of the plants exposed to the amine were without visible symptoms 
of 2,4-D injury. 
At the end of the second week all of the plants exposed to the ester 
formulation showed necrosis, while those exposed to the amine still showed 
no visible symptoms. Figure 7 shows some of the plants at the end of one 
week of exposure. 
There were two factors which determined the use of the atmospheric 
release system, and the study of volatility in this experiment. The pre­
liminary work up to this time had indicated that it would be impossible to 
insure that the 2,4-D released would remain within the boundary of the 
experiment if an atomization release was used. It also had shown that 
there were two sources of injury associated with this type release (spray 
drift and volatility) and that once these two were combined it would be 
impossible to separate their effects. Since a determined effort had been 
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made to isolate the experimental area, it was thought that any 2,4-D in 
the area other than that released would be from volatility rather than 
spray drift. This decision led to further preliminary investigation of 
volatility under field conditions. Tomato plants were planted in the field 
in a circle 25 feet in radius with rows at five foot intervals beginning 
five feet from the center of the circle. This arrangement would make it 
possible to determine the concentration and formulation most suitable for 
the experiment. To evaluate the amine formulation for volatility under 
field conditions a 1000 ml beaker was filled with a 1 ppm solution, and 
a wick which extended from the bottom of the beaker to four inches above 
the rim. This was placed in the center of the planting and allowed to 
evaporate for three days before being replaced. After the first period 
of evaporation, injury was noted which would be acceptable under a con­
tinuous exposure, and this release method was adopted for use in the experi­
ment without further investigation. 
Figure 5. Symptoms from one exposure of tomato to 10 ml of ester formulation atomized 75 
feet upwind in a 3 to 5 mile per hour wind 

Figure 5. Symptoms from one exposure of tomato to 10 ml of amine 
formulations atomized 75 feet upwind in a 3 to 5 mile 
per hour wind 

Figure 7. Plants exposed to ester and amine formulations under bell jars in the 




The experimental area was prepared and planted with the selected crops 
in April and May of 1962. Release of 2,ii—D in the area was delayed until 
later in the season because it was necessary to complete extensive pre­
liminary investigations to insure that the source could be contained with­
in the limits of the experimental area once it was released. This delay 
provided ample time for the plant material to recover from any detrimental 
effects of transplanting. 
In the last phase of the preliminary investigation, symptoms were ex­
pressed by tomato plants in a field planting which had been exposed to 
an amine formulation of 2,4-D. Since the only known source of the herbi­
cide was an amine, it was assumed that the symptoms expressed were the re­
sult of that formulation being volatile enough under field conditions to 
produce the injury noted on susceptible plants. The symptoms noted were 
considered to be adequate for a continuous exposure during the growing 
season without reaching a lethal dosage. At the conclusion of this phase, 
the best evidence was that the amine formulation in solution combined with 
the beaker wick dispersal mechanism would be the most satisfactory ex­
posure method for this experiment and the preliminary investigations were 
discontinued. 
The initial release in the experimental area was made on July 6, 
1962 using the above method. Sopie of the plants in the experiment were 
already showing symptoms of 2,4-D injury which could only have been the 
result of contamination of the area from an outside source. Precautionary 
measures had been taken to insure that those areas adjacent to the test 
40 
plot had not been treated.with any herbicide, and it was obvious that the 
injury noted on this date had been caused by contamination from a greater 
distance than had been expected. Observation of susceptible species in 
the area surrounding the experiment failed to indicate a predominate di­
rection for the source of contamination, but did reveal that symptoms 
were generally prevalent. Apparently the initial release date coincided 
fairly well with the build-up of the concentration of 2,4-D in the ambient 
atmosphere in 1962 because at that time symptoms were slight and distributed 
over the area in an unpredictable manner. Continued observation showed 
that the symptoms were becoming more severe with time, but that they were 
not developing in pattern consistent with the arrangement of source and 
plant material. Because of the absence of a gradient or pattern from the 
source there was some doubt as to whether any of the injury observed had 
had been caused by the amine solution. Consideration was given to changing 
to a more volatile formulation of 2,4-D at this time, but since the symp­
toms were definitely more severe and the only factor in favor of a change 
was the absence of a discernible pattern related to the source, more time 
was allowed to see if a pattern would emerge. 
The absence of a source to injury relationship caused some discussion 
of the possible factors which could affect the resistance or susceptibility 
of crops which had heretofore been classified as susceptible. In many 
instances there were grape plants located two feet apart with one ex­
pressing severe symptoms, as shown in Figure 8, and the other appearing more 
normal. . The first suggestion was that wind currents and eddies had caused 
one of the plants to be exposed to a smaller dosage than the other. Or, 
that there might be some variation among plants of a clonal variety which 
had not previously been detected on a phenotypic basis.-
By August 6 it was evident that the controlled source had not produced 
the symptoms which had been observed in the experimental area. On this 
date observations in the experiment showed that plants which had pre­
viously expressed symptoms were recovering (recovery in this case refers 
to new growth without symptoms located apically to growth which showed 
symptoms). This is best illustrated by redbud as shown in Figure 9 but 
was also evident on grape. Since the youngest foliage is the most sensi­
tive to 2,4-D, it was obvious that the injury observed up to this date 
had been the result of ambient 2,4-D, and that in effect the results had 
been due to build-up and decline of 2,4-D during the growing season of 
1962. 
The controlled source was changed to a butyl ester formulation on 
August 8 to try to establish a systematic pattern of injury during the re­
maining part of the growing season. It was evident that contamination of 
the experiment from outside sources could not be prevented. The results 
would, therefore, have to be based on a formulation of sufficient vola­
tility and concentration to develop a pattern within existing injury and 
not reach a lethal dosage during the period of exposure. 
Measurements of growth in inches were made on August 6 to evaluate the 
effect of ambient 2,4-D. As seen in Figure 10 growth on a row basis was a 
measure of the effect of distance from the center of the experiment. 
There were, as shown, two distinct classes of growth with the rows located 
toward the outside of the experiment from row 10 showing consistently more 
growth than those located inside row 10. Rows 1, 2, and 17 were guard 
rows, and rows 3 through 16 inclusively were analyzed with Duncan's 
Figure 8. Variation in symptoms expressed from exposure to ambient 
2,4-D; the plants are two feet apart 
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Figure 9. Recovery of redbud in the experiment after ambient 
2,4-D disappeared in 1952 

I 
Figure 10. Mean growth by row to August 6, 1962 
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multiple range test. These results shown in Table 1, B indicate also 
that there were two classes of growth in the experiment. The dividing 
line for the two classes was located between 48 and 64 feet from the 
outside row of the experiment. Since the source had not been effec­
tive in releasing 2,4-D up to that date, the increased growth in the 
outside part of the experiment must have been the effect of ambient sources 
or an inherent part of the experimental design. It seemed unlikely that 
this type response would be due to the design, since planting distances 
were the same in all areas and each arc of each sector was completely ran­
domized. Since 2,4-D is a growth stimulant in certain concentrations, 
it seemed possible that this might be the answer. Contamination would be 
dependent upon air movement. It has been shown that when laminar flowing 
air reaches an area occupied by a crop there is a border of turbulence 
for some distance before the flow again stabilizes over the crop. In the 
turbulent area the air passes at least partially through the crop, and the 
width of the turbulent band is dependent upon the height of the crop. Af­
ter the flow stabilizes over the crop, there is little if any disturbance 
in the crop cover for the remainder of the crop distance. The distance of 
48 feet from the outside of the experiment could be the distance required 
for the flow to stabilize. Therefore, plants located in this area would 
be exposed to the 2,4-D content of the air. Since plant response was the 
only measure of 2,4-D content of the air, there was no way to confirm 
this possibility. Symptoms appeared to be more prevalent in the outside 
rows at this time, as rated by the investigator and averaged over rows. 
Table 1, Analysis of variance for grape growth to August 6, 1962 
Source df ss Ms 
Total 167 2,664,155 
Rows 13 555,824 42,756** 
(A) Sectors 11 1,001,124 91,011** 
Error 143 1,107,207 7,743 
Row sx= 7743/12 = 25.4 
Sector sx= 7743/14 =23.5 n = 143 
Duncan's Multiple Range Test growth by row to August 6, 1962 
Row means ; 
6 3 7 4 8 9 5 10 14 12 15 13 11 16 
163 170 174 179 189 193 204 232 237 280 287 302 315 333 
(B) zzzzz 
R2 R3 R4 R5 R6 R7 RB R9 RIO Rll R12 R13 R14 
70.41 74.12 76.63 78.46 79.91 81.10 82.09 82.93 83.67 84,30 84.91 85.42 85.90 
Duncan's Multiple Range Test for growth by sector to August 6, 1962 
Sector means; 
7 5 6 8 3 9 4  1 0  2 1  1 2  1 1  
134 136 144 187 191 207 235 256 267 325 352 357 
(C) 
R2 R3 R4 R5 R6 R7 R8 R9 RIO Rll R12 
65.14 68.57 70.89 72.59 73.93 75.04 75.95 76.73 77.41 77.99 78.56 
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Growthby sector, which was a measure of direction effects, is shown 
in Figure 11. These data show the least amount of growth occurred in 
sectors 5, 6, and 7 which are located from 60° east of south to 30° west 
of south. With a prevailing southwest wind and a windbreak located on 
the south side of the experiment this is the area which would be most 
protected from the prevailing wind and therefore from any ambient 2,4-D 
which it might contain. Analysis of sector means by Duncan's multiple 
range test (Table 1, C) shows that there was no significant difference be­
tween sectors 5, 6, and 7. In contrast sectors 11, 12, and 1 which had 
the greatest growth up to this time are located from 60° west of north to 
30° east of north. Under the circumstances these sectors would be ex­
pected to receive the greatest exposure from ambient 2,4-D transported by 
the prevailing wind. Other sectors appear to be located within a buffer 
zone which could be caused to shift in either direction with fluctuation 
of the prevailing wind or other atmospheric conditions. 
After the release of the butyl ester formulation the plants which had 
shown recovery began to show symptoms. These symptoms appeared first, as 
expected, on the plants located nearer the source, and then proceeded out­
ward at a rate detectable by observation. Evaluation of these symptoms was 
difficult because of the amount of foliage already showing symptoms at 
the time of emergence. On September 6, 1962, growth in inches was measured 
again to see if a pattern had developed which could be detected by this 
method. These measurements are shown as the mean growth of two plants 
in Figure 12. Comparison of this graph with that of August shows the 
over-all trend of growth on a row basis had not changed during this period. 
It does show that the total growth during this period was considerably less 
Figure 11. Mean growth by sector to August 6, 1962 
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Figure 12. Mean growth by row to September 1962 
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than in the preceding period. This may be self explanatory because of 
seasonal effects and not necessarily the result of herbicide injury. Dur­
ing this part of the growing season vegetative growth normally slows, 
with a shift toward storage either in the tissue or fruit and tissue. The 
measurements for September are plotted on a sector basis for mean growth 
of two plants in Figure 13. ^ Again comparison with the measurements taken 
the previous month shows no change in the over-all trend. Analysis of 
the September measurements by Duncan's multiple range test shown in 
Table 2 substantiates that there have been only minor changes over this 
period. It is evident from these data that the effective source was ap­
plied so late that it did not alter the previously established pattern of 
growth. 
The graphical representation of the data for 1962 suggested it might 
be possible to fit the data to a curvilinear regression equation and mathe­
matically account for the variation observed. A regression analysis of 
the September data, shown in Table 3, gave good evidence that the variation 
in the experiment was too large to be accounted for by fitting a polynomial 
of the fifth power. In both the row and sector analysis the significant 
sum of squares remaining after fitting a fifth power polynomial shows that 
this formula had not given a good fit of the data in either case. 
At the end of the 1962 growing season the evidence of injury effects 
from a continuous source, for which the experiment was designed, was not 
conclusive. It was, however, an excellent source of preliminary informa­
tion with which plans for the 1963 season could be made. Some of the more 
important information and confirmation gained during the 1962 season were 
as follows: 
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Figure 13. Mean growth by sector to September 1962 
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Table 2. Analysis of variance for growth to September 1962 
Source df ss MS 
Total 167 4,264,720 
Rows 13 802,320 61,717** 
Sectors 11 1,691,003 153,727** 
Error 143 1,771,397 12,387 
Row SX = 1032 = 32.14 
N = 143 
Sector SX = 885 = 29.75 
Duncan's Multiple Range Test for growth by row to September 1962 
Row means ; 
6 4 3 7 9 8 5 14 10 12 15 13 11 16 
199.7 202.3 208.7 215,4 220.4 220.8 242.3 285.3 289.1 307.7 348.5 370.2 379.2 394.E 
R2 R3 R4 R5 R6 R7 M R9 RIO Rll R12 R13 R14 
89.09 93.78 96.96 99.28 101.11 102.62 103.87 104.94 105.87 106.51 107.44 108.83 108.69 
Duncan's Multiple Range Test for growthby sector to September 1962 
Sector means; 
7 5 6 4 9 8 3 10 2 12 1 ^ 
157.0 158.6 168.2 214.3 220.0 227.6 278.1 302.1 319.9 420.3 426,5 436.5 
R2 R3 R4 R5 R6 R7 R8 R9 RIO Rll R12 
82.46 86.81 89.75 91.89 93.59 94.99 96.15 97.13 97.99 98.59 99.45 
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Table 3. Analysis of 
regression 
variance for growth to September 1962 by curvilinear 
with significance indicated by asterisks 
Source df ss MS 
Total 167 4,254,719 
Regression (24) 2,590,031 107,917** 
Rows (13) 1,079,851 83,065** 
Linear 1 576,915** 
Quadratic 1 8,684 
Cubic 1 18,781 
Quintic 1 74,751* 
Remainder 8 395,287 49,410** 
Sectors (11) 1,802,384 163,853** 
Linear 1 46,024** 
Quadratic 1 1,520,600** 
Cubic 1 16,226 
Quartic 1 21,672 
Quintic 1 16,916 
Remainder 6 180,946 30,157* 
Error 143 1,674,688 11,711 
^Significant at .05 
**Significant at .01 
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1. There are definitely two sources of 2,4-D which can produce 
visible symptoms on nontolerant species in Iowa. They are spray 
drift and volatility, both of which are transported by air cur­
rents . 
2. The injury noted on susceptible crops during the growing season 
was no doubt a combination of both sources. The effect of either 
source cannot be measured individually except under rigidly con­
trolled conditions where it is possible to eliminate one of the 
sources completely. 
3. The particular formulation of 2,4-D used may be the factor deter­
mining whether volatility will be a problem combined with spray 
drift. Under field conditions and in the laboratory the amine 
formulation was found to be nonvolatile, whereas the ester formu­
lations varied in volatility depending upon the size of the mole­
cule in the formulation. 
4. The age of tissue and the state of growth at the time of exposure 
appeared to alter the amount of 2,4-D required to produce detecta­
ble symptoms. 
5. For any particular formulation temperature will affect the vola­
tility. 
6. Concentrations of volatile forms which are near lethal to suscep­
tible crops may cause no visible symptoms on weeds which are also 
considered susceptible. 
After the growing season of 1962 it was obvious the information ob­
tained from the experimental area would need to take into account the fact 
that the plant material had been exposed to an unknown amount of 2,4-D. 
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During the winter of 1962-63 the problem of estimating the amount of 2,4-D 
received by a given plant was undertaken in the greenhouse and laboratory. 
In a study of this type it is necessary to expose the plant material to 
an exact concentration for varying periods of time, and under varying con­
ditions in order to determine and compare the effects. Special growth 
chambers were constructed to be used for more exacting exposure conditions. 
These chambers were 1/2 x 1/2 x 1 meter and all joints were sealed to be 
gas tight. The chamber could then be placed upon a base which had a light 
socket built into it and sealed so as to produce a gas-tight unit in which 
plants could be exposed to volatile gasses of 2,4-D at constant concentra­
tions of known amounts. This chamber is shown in Figure 14. Operation of 
the chamber consisted of placing the plant material on the base, weighing 
out the amount of c.p. 2,4-D acid which would give the desired concentra­
tion at 70°F and placing it in a foil cup on a 40 watt bulb, sealing the 
chamber, and illuminating the bulb to volatilize the 2,4-D. By diffusion 
the 2,4-D should have equalized the concentration throughout the chamber 
so all of the plant material was exposed to identical concentrations. 
Tomato, radish, and cucumber seedlings in peat pots were used in the cham­
bers for various lengths of time at various concentrations. The over-all 
result of this work showed most of the results could not be repeated, 
and were not applicable from one species to another. 
Figure 14. Growth chambers constructed for use in obtaining exact 
exposure to known amounts of 2,4-D 
/ 
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1963 RESULTS 
The release mechanism utilized during the 1962 growing season had not 
been as effective as desired, so during February and March of 1963 other 
methods of release were evaluated in the greenhouse for use during the 
1963 growing season. The results of these trials indicated that two, 
four-foot lengths of double fold cheesecloth eight inches wide, saturated 
with a 10,000 ppm suspension of butyl ester and suspended to expose maxi­
mum surface area would give the desired effect in the experiment. This 
concentration is approximately ten times that normally used for weed con­
trol, but it was an attempt to contaminate an area of over two acres with 
10.6 square feet of treated surface which presented a large dilution factor. 
The release date in 1963 was earlier (April 20) to establish as much 
of a trend or pattern as possible before ambient 2,4-D became a confusing 
factor. On this date the buds of grape were just beginning to enlarge, and 
rather severe winter injury was noted in some areas which seemed to be cor­
related with the 2,4-D injury of the previous season. 
According to the design of the experiment and the method of release 
there should not be any build-up of concentration at any point in the area. 
There, should be, according to the laws of diffusion, a constant concentra­
tion at any point from the source which would decrease in intensity as dis­
tance from the source increased, but which would remain constant after 
equilibrium was reached (equilibrium here refers to a standard rate of 
volatility from the source). This was a general hypothesis and did not ac­
count for air movement through the area which would alter the concentration 
in the direction of air flow. Also, it was not possible to assume that the 
rate of volatility from a standard source would remain the same over a 
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three-day period. The dilution factor would remain valid, however, in that 
there should be decreased concentration as distance from the source in­
creased. This would mean that the symptoms should appear first on plants 
nearest the source, regardless of wind or other factors. The distance from 
the source in any direction would be a dilution factor, and the time from 
initial release to observable symptoms would be a factor of increased 
amount in the plant. An increased content of 2,4-D in the plant could be 
a result of longer exposure to a reduced concentration or a larger absorp­
tion surface due to growth of the plant, or more probably a combination 
of the two. In 1963 the visible symptoms appeared, as predicted, first on 
the plants nearest the source and then, at a rate dependent upon atmospheric 
conditions, on plants farther away., 
On May 22 there was a killing frost which prevented further monitor­
ing of injury as it progressed toward the outside of the experiment., Up to 
this date, however, visible symptoms had appeared in the following manner. 
From April 20 to May 8, cloudy, cool weather conditions had kept volatility 
at a minimum and no symptoms had been observed. On May 9, visible symptoms 
were noted for the first time in the first row of sectors 1 and 8. On 
May 13, symptoms were apparent on grape out to the third row in sectors 1, 
2, and 8. Row one showed symptoms in all sectors on this date. On May 16, 
symptoms on grape were to the third row in all sectors and to the eighth 
row in sectors 12, 1, and 2. On May 19, there was no change in the location 
of visible symptoms and on May 22 when there should have been another ob­
servation there was no way to differentiate between 2,4-D and frost injury. 
All of the grapes were killed back to hardened wood and much of the season's 
growth was lost. After allowing a few days for the frost injury to become 
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completely identifiable, the grapes were pruned to as nearly uniform con­
ditions as possible and the application of 2,4-D was continued as growth 
started anew. Again the injury showed first on those plants nearest the 
source. As soon as symptoms appeared a record of progress was made until 
ambient 2,4-D became a problem, making it impossible to distinguish the 
source of injury. 
Later in the season one of the most prominent differences between 
plants located near the source and those farther away was the number of 
mature and apparently unaffected leaves on those farther away. The plants 
located in the first row showed symptoms on most of the foliage and a reduc­
tion in leaf size as compared to other plants in the experiment. Those lo­
cated farther from the source had some mature leaves which showed no visible 
symptoms of injury and no detectible reduction in size. The total amount 
of uninjured foliage per plant increased as the distance from the source 
increased as shown by representative samples in Figure 15. The data sug­
gest that age of tissue when exposed to a concentration sufficient to 
cause visible symptoms had a definite effect on the amount of 2,4—D re­
quired for production of these symptoms. This is further substantiated by 
the fact that once leaves reach maturity there is seldom any visible evi­
dence of 2,4-D injury until the cumulative exposure reaches a point that 
causes necrosis of the leaf, even though the younger tissue of the plant 
will show symptoms at a much lower concentration. The younger tissue which 
showed symptoms usually reached a point where there was no visible differ­
ence between the injured parts of the plant until necrosis began, whether 
the plant was close to the source or farther away. This effect is shown in 
Figure 16. These results may be due to the larger absorption area of the 
Figure 15. Foliage on plant located close to the source and one 
located farther away to contrast the size and amount 
of mature foliage as a result of continuous exposure 
to 2,4-D 

Figure 16. Injury adjacent to a necrotic area and on a plant with­
out any necrotic areas to contrast the degree of ex­
pression and the difficulty in differentiating symptoms 

7 1  
plants located farther from the source. Regardless of the cause, the 
type of injury produced, between the appearance of visible symptoms and 
beginning necrosis is extremely difficult to evaluate. 
There was a marked difference in the appearance of the over-all plant 
as distance from the source increased in any direction, as shown in 
Figures 17, 18, 19, and 20. This appearance was used in a rating scale to 
denote injury by taking into account necrosis of stem tips and foliage, 
which began to occur in late June. The grapes were rated between July 8 
and August 26. Any plant rated at 5.0 was dead and any plant rated at 0.0 
had no visible symptoms. The average of two plants for rows and sectors 
is shown in Figure 21, The data indicate that necrosis was most severe 
nearer the source and varied with direction from the source. 
Linear growth for the season was measured in inches for each plant 
on September 11 and 12. The average growth per plant on a row basis is 
entered in Table 4. 
These data show that a pattern had been established during the 1963 
growing season which could be measured in the vegetative growth of the 
plants. Analysis of the data by curvilinear regression was done on the 
total growth of each plot of two plants. The proposed growth curve was 
that of an expanded binomial to the fifth power. Dummy variables were 
placed in the binomial equation for the powers beyond five to account for 
each degree of freedom available, so that the total sum of squares for 
these powers would be correct although each one individually would be mean­
ingless. As seen in Table 5 all of the significant effects were accounted 
for within the first five exponents, so the other variables are merely 
removing values from the error term which do not belong. Adjusted values 
Figure 17. Symptoms expressed in rows one end two from exposure to the source of 2,4-D 
73 
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Figure 18. Symptoms expressed in rows three and four from exposure to the source of 2,4_D 
7 5  
Figure 19. Symptoms expressed in rows five and six from exposure to the source 
of 2,4-D 

Figure 20. Symptoms expressed in rows seven and eight from exposure to the source of 2 4-.D 
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Table 4. Average total growth per plant in inches for 1963 
Row Growth Row Growth 
3 189.3 10 511.2 
4 202.4 11 679.8 
5 342,1 12 557.8 
6 414.2 13 525.4 
7 421.4 14 448.6 
8 425.5 15 322.1 
9 444.9 16 235.7 
for growth were calculated from the regression equation and are shown 
graphically in Figure 22 for rows, and in Figure 23 for sectors. The re­
sults of the row analysis indicate that the concentrations of 2,4—D had 
been detrimental to growth of the plants located close to the source, but 
that as distance from the source increased growth was greater, until the 
effect was reversed, and growth decreased sharply between row 11 and the 
outside row, number 17. No factor of exposure to outside contamination, 
protection from wind, or soil differences was considered adequate to ex­
plain this growth pattern, which was shown in two out of four years of tests. 
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Table 5. Analysis of variance by curvilinear regression for total growth 
in 1963 with significance levels indicated 
Variable 2 
Source 
Growth data 1963 












































Row F Values 
Linear = 11.02 
Quadratic = 66.28 
Cubic = 7.49 
Quartic = .67 
Quintic = 2.^36 
Rest = 1.54 
Sector F Values 
Linear = ,77 
Quadratic = 17.18 
Cubic = 1.83 
Quartic = 5.08 
Quintic = .74 
Rest = .55 














Figure 23. Adjusted values for total growth of two plants by-
sector for 1963 
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After analysis of the data taken during the growing season of 1963, 
it was evident that some method of evaluating the 2,4-D content of plant 
material would be extremely val liable in the interpretation of the results. 
It had been reported by Galston and Kaur (20) that within certain pH ranges 
treatment of pea stem tissues with 2,4-D resulted in decreased coagulability 
of the protein content by heat. This decrease was measurable for very 
small changes in the concentration of 2,4-D used and was believed to be a 
result of an increase in cold water soluble pectin within the plant materia 
al. With this in mind, it was reasoned that if 2,4-D increased the pectin 
fraction which in turn decreased heat coagulability of protein, that by 
modification of the procedure a method of measuring 2,4-D content could be 
developed. Utilizing a standard source of protein, a plant could be ex­
tracted for pectin and then coagulability determined and applied to a 
standard curve previously worked out for that particular plant type. 
Preliminary tests with egg albumin or bovine serum and citrus pectin 
gave positive results, although differences were small. Tests with 
tomato plants sprayed with various concentrations of 2,4-D gave varying 
results with time after treatment, but differences due to treatment were 
only one or two percent. It was obvious that this method would not be 
useful for analysis of the 2,4-D content of plant tissue. 
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1964 RESULTS 
At the beginning of the growing season in 1964 no progress had been 
made on a method of evaluating effects, based on the known content of 
2,4-D of the plants. The field experiments were accordingly repeated to 
determine the reproducibility of the results. Because of the relatively 
late spring of 1964 the date of initial release was May 20, The release 
mechanism, concentration, and formulation were the same as used in 1963. 
Several plants which had shown severe 2,4-D injury symptoms during the 1963 
growing season had to be replaced because of winterkill. These plants were 
located in the first two rows in the northeast quadrant, indicating the 
effect of prevailing winds. All other plants were pruned as uniformly as 
possible to a modified four-cane Kniffen system, leaving only two buds per 
cane rather than the larger number customary with this system of pruning. 
This reduction in the number of buds per cane was necessary because of 
limited trellis area for each plant. 
The progress of visible symptoms was recorded by date from the time of 
initial release until they merged with those produced by outside contamina­
tion on June 24. The progress was similar to that of the year before, and 
further substantiated the time-distance phenomenon, i.e. a weaker concen­
tration over a longer period of time was just as effective in producing 
visible symptoms as a stronger concentration over a shorter period of time. 
The plants at this time were three years old, so the additional plant 
responses of flowering, fruit set, and yield were available for evaluation 
under constant exposure to 2,4-D. There was no noticeable difference in 
the time of flowering and fruit set between plants within the experiment. 
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Later observation showed that, the number of berries per bunch did not vary 
significantly between plants within the experiment, but that the number 
of bunches per plant varied widely. Development of the berries to the 
mature green stage was uniform except for increased numbers of "shot" ber­
ries closer to the source. 
On September 3, it was noted that there was a predominant difference 
in the ripening process which was closely correlated with the distance of 
the particular plant from the source of 2,4-D. There were clusters in the 
outer rows which were fully colored at this time, while many of those lo­
cated closer to the source showed no color. A count of the total number of 
clusters per plant and the number of clusters showing color was made at 
this time and the results are shown in Table 6 (A). These results clearly 
indicated that the percentage of clusters beginning to color increased with 
distance from the source. Sector percentages were so biased by variable 
yields that not much information could be obtained from them. In addition 
to the percentage of clusters showing color, samples of three of the ripest 
of the mature berries, as determined visually, were measured refractometri-
cally for total soluble solids. When there was a visible difference a 
sample of mature-green berries was taken from the same vine and measured 
also. The results of this analysis, shown in Table 6 (B) as the average 
soluble solids content per row, show that the ripening process was affected 
by distance from the source. They also indicate that even the fully 
colored berries were not yet mature, and that the difference within a row 
between greenest and ripest berries was almost as great as the difference 
between the inner row to the row farthest from the source. The variation 
Table 6. Total number of clusters, number of clusters showing color, and percentage of clusters 
showing color for both rows and sectors on September 3, 1964; and percentage of soluble 
solids in samples of fruit taken September 3, 1964 
(A) 
Rows ; 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
Total 
clusters 51 78 145 167 60 78 82 57 190 95 157 140 141 100 
Clusters 
colored 0 7 5 8 19 37 29 31 102 54 88 97 80 71 
% colored 0 8.9 3.4 4.6 31.6 47.4 35.3 54.4 53.7 56.8 56.1 69.3 56.7 71 
Sectors ; 1 2 3 4 5 6 7 8 9 10 11 12 
Total 
clusters 243 215 180 85 77 70 104 94 71 154 118 129 
Clusters 
colored 64 94 86 35 28 14 48 34 28 87 64 46 
% colored 26.3 43. 5 47.7 41.2 36.3 20 46.1 36.2 39.4 56.5 54.2 35.7 
(B) 
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in maturity found within one plant can be seen in Figure 24, where all 
stages from flowering to fully colored clusters occurred on one vine. 
This situation was found repeatedly at this time. 
The grapes were not harvested until October 2, 1964, to determine if 
they would reach the processors' required standard for maturity, which is 
17% soluble solids for Concord, with extended time. On this date many 
of the plants located nearer the source had not colored sufficiently, but 
weather made harvest a necessity. The harvest was combined for each plot 
of two plants, homogenized with a blender, and analyzed with a refracto-
meter for soluble solids. These results are shown graphically for the 
averages of rows, both as observed and adjusted for linear regression 
in Figure 25. Analysis of the data for linear regression (Table 7) shows 
that the data fit this formula with very little deviation, and that the 
soluble solids content of the fruit increased by an average of .0587% per 
row as distance from the source increased. It is significant that on this 
date, which is well past the normal harvest time, none of the composite 
samples contained a soluble-solids content high enough to qualify them as 
commercially mature. This result is partially explained in Figure 26, 
which shows typical ripening of 2,4-D exposed grapes. The bunches within 
a plant as well as within a cluster showed wide differences. 
After harvest the vines were measured to determine linear growth for 
the season, to see if the pattern established in 1963 had been repeated. 
These data were analyzed by curvilinear regression, using the total growth 
of each plot of two plants, and are shown in Table 8 for rows and sectors, 
with the significant effects indicated. Comparison of this analysis with 
the analysis of 1963 shows that the pattern for both rows and sectors had 
Figure 24. Variations in the stage of maturity of the fruit present 
on one vine in September 1964~ 

gure 25. Observed soluble solids and adjusted values for linear 
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Table 7. Linear regression analysis of soluble solids data October 1964 
Source df ss MS 
Regression 
Deviations from reg. 









Table 8. Analysis of variance by curvilinear regression of total growth 
for 1964 with significance indicated 
Variable 3 
Source 
Growth data, 1964 
df ss MS 
Total 167 39,542,879 
Regression 24 22, 565,539 (22 ,596,323) 
Rows (13) 14,894,788 
Linear 1 11,664,160** 
Quadratic 1 632,009* 
Cubic 1 75,850 
Quartic __ 1 212,929 
Quintic 1 568,889* 
Rest 8 1; ,740,951 217,618 
Sectors (11) 7, 701,535 
Linear 1 631,386* 
Quadratic 1 126,985 
Cubic 1 5, 556,000** 
Quartic 1 164,108 
Quintic 1 562,709* 
Rest 6 660,347 110,057 
Error 143 16,977,339 118,722 
Row F values Sector F values 
Linear = 98.24 Linear = 5.31 
Quadratic = 5.32 Quadratic = 1.06 
Cubic = .63 Cubic =46.79 
Quartic = 11.79 Quartic = 1.38 
Quintic = 4.79 Quintic = 4.73 
Rest = 1.83 Rest = .92 
1 
Figure 26. Variations in ripening within 2 vines which were found throughout the experi­
ment in the fall of 1964 
9 9 
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changed. Adjusted values of growth for rows are shown graphically in 
Figure 27. Comparison of this graph with the graph of 1963 row values 
indicates that the same effects were present in both years, outward to 
a zone including rows 11, 12, and 13, indicating the source was effective 
in controlling the growth pattern of the plants out to this zone, and that 
other factors became effective beyond. Adjusted values for sectors are 
shown graphically in Figure 28, Comparison with the graph for 1963 growth 
shows that the areas of more and less growth had shifted slightly but were 
still related, as being opposite in direction from the source. The data 
indicate that the prevailing wind during 1964 was probably from the west 
rather than the southwest, and that maximum growth was again obtained 
downwind of the source. 
With the analysis of the growth data for 1964, and upon comparing 
this analysis with that of the 1963 growth data, it became obvious that 
some estimate of the concentration of 2,4—D involved in producing these 
results would be necessary before any definite conclusions could be drawn. 
This was especially true in the "distance from the source" effects. To 
obtain an estimate of this type it would be necessary to have a method 
which could evaluate all of the various formulations of 2,4-D, or one 
which would convert all of the formulations to one common form for evalua­
tion. Gas chromatography seemed to be the choice of methods because 
theoretically it would be possible to analyze according to either of the 
above specifications. An estimate of the 2,4-D content of a plant could 
be obtained by means of extract analysis, and an estimate of atmospheric 
content could be obtained by air sampling and analysis. 
In the fall of 1964 a Wilkins 600-C gas chromatograph with an electron 
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capture detector was obtained. A search ol Llie literature showed that 
most of the analyses for pesticide residues had been done for insecti­
cides rather than herbicides, and that work with 2,4-D had employed a 
different detector. With the information available it seemed that the 
conversion of all the formulations to the acid form during the extraction 
process, and then to analyze for this would be the most suitable process. 
Efforts to detect the acid formulation with the gas chromatograph proved 
futile, so another approach was taken. The method of Marquardt et al. (32) 
which converts all of the various formulations within the extraction to 
the methyl ester appeared to be the best one available, and it seemed 
that it could be adapted for use with the electron capture detector. 
Utilizing chemically pure methyl ester 2,4-D in benzene, with an injector 
temperature of 210°C, a column temperature of 200°C, and a flow rate of 50 
ml per minute with a 5 foot 1/8 inch column packed with chromosorb P coated 
with 5% DCll, it was found that this formulation could be detected and 
evaluated at concentrations which would be acceptable for field extractions. 
The test showed also that the results were not linear and that analysis 
would have to be within a fairly small range of concentrations. Concentra­
tion presented no problem because dilution or concentration of the extract 
could always be used to bring it to within the range of detectable differ­
ences. The curved response was not desirable for evaluation of unknown 
concentrations, however, and it was converted to a linear response by 
statistical methods. The peak height of the unknown concentration could 
then be applied to the linear response and the concentration read directly. 
Because of the variability of the detection system a standard curve with 
this transformation was necessary with each analysis for use only with 
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that analysis. The extraction procedure was developed through trial and 
error methods using greenhouse plant material until by spring of 1965 it 
was believed that it would be satisfactory for analysis of field material. 
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1965 RESULTS 
On April 22, 1965 the grapes were pruned to the previously described 
system and pruning weights were recorded. Analysis of these weights 
showed that they followed the same distribution as the growth measure­
ments made the previous fall. Cuttings were taken from each plant of rows 
3, 4, 5, 6, 7, 8, 9, 10, 11, 13, and 15 and placed in rooting media in 
the greenhouse to see if effects of the previous season's exposure could 
be measured in their development. Subsequent counts of the number of cut­
tings which rooted and developed into plants indicated that there was no 
detectable effect attributable to either distance or direction from the 
source. Of the 24 cuttings taken from each row, 20 or more rooted and 
developed. These cuttings were observed for expression of 2,4-D symptoms 
to see if enough had been carried over in the plant to cause expression 
the following year, but no symptoms appeared. 
Initial release of 2,4-D in the 1965 experiment was delayed until 
June 2 to determine if symptoms were expressed on the plants in the field. 
On this date symptoms were recorded out to the eighth row, as shown in 
Figure 29, and there was little doubt that these symptoms were caused by 
2,4-D carried over from the previous year in the plant tissue. From this 
it was concluded that 2,4-D was stored in the plant during the dormant 
season and that some of it was translocated to the growing points at the 
beginning of growth the following year. The fact that the cuttings did not 
exhibit symptoms indicated that perhaps the smaller storage area involved 
contained an insufficient quantity to produce symptoms. As a result of 
these observations some of the plants produced by the cuttings were ex­
tracted and analyzed by gas chromatography. These results showed a peak at 
Figure 29, Scale representation of area of symptoms expressed 




ZONE OF SYMPTOMS CAUSED BY 
2,4-D CARRIED OVER FROM 1964 
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the retention time recorded for 2,4-D but it was too small for critical 
analysis. Because of problems with the chromatograph, further analyses 
were delayed and when they were resumed no peak appeared. Ten cuttings 
from each row were potted and kept in the greenhouse throughout the grow­
ing season for observation and no symptoms appeared. 
In the field the progress of symptoms was noted as in previous years 
and the pattern was the same. The problem of sampling in the experiment 
to get a representative evaluation of the 2,4-D content was considered. 
To take samples at intervals throughout the growing season would alter the 
results of growth and yield unless each plant in the experiment was sampled 
equally. The method of extraction and analysis was too long for large 
numbers of samples so it was decided to make one sampling later in the 
growing season. The samples were taken on August 9 and frozen immediately. 
They were stored in a frozen condition until extraction and evaluation 
could be completed. Instead of sampling each plant in the experiment the 
center sector of each quadrant was selected and the samples were a compos­
ite of two plants. Since 2,4-D has been reported to accumulate in the api­
cal region and the extraction procedure required plant material which could 
be macerated easily, the samples consisted of the apical six inches of 
growth from all shoots of each plant sampled. Fresh weights were recorded 
for use in converting the concentration found to a weight/weight basis. 
Obviously the samples as taken were not a true evaluation of the concentra­
tion present in the entire plant, but it is assumed they should be rela­
tive from one location to the next. 
The first differences became apparent during extraction. In quadrant 4, 
sector 11, row 16 reacted similarly to the other samples during extraction. 
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Row 15 emulsified at the point of adding the bicarbonate solution and 
had to be centrifuged to break the emulsion. From row 14 to row 3 emulsi-
fication occurred at the time of maceration and could not be broken with 
NaCl, NaHCO^, or by centrifuging, or freezing, so the extraction process 
could not be completed for these rows of the fourth quadrant. Although 
emulsions became more frequent as the samples progressed toward the source 
in the other quadrants, they were broken and the extraction completed. One 
other difference was the noticeably smaller amount of vascular tissue 
present in the filtrate from quadrant 4 than from the other three quad­
rants. It seemed' that the plants in the fourth quadrant had failed to de­
velop as much or that the tissue was macerated much more easily than that 
from the other three quadrants. The only known difference in behavior of 
the quadrants prior to this was that the fourth quadrant had been notice­
ably later in breaking dormancy in the spring of 1965. As a result of 
this the tissue was probably immature when the source was released. 
The chromatographic analysis of the extracted material ran into diffi­
culty immediately. The procedure had been developed using greenhouse 
material with short term treatment and analysis and was thought to remove 
any foreign material which would be detected by the electron capture de­
tector. This was not true with the field material however. Something had 
come through the extraction procedure which was contaminating the detector 
and causing the baseline to move higher with each injection of plant ex­
tract. Unless the recorder moved back to a common baseline after each 
injection there could be no comparison, because the sensitivity of the de­
tector is partially determined by this factor. At this point the only 
method of obtaining any information was to employ an internal standard of 
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known concentration. The herbicide 2,4,5-T was selected as the internal 
standard and a known quantity was added to each extract. The changes in 
the effect of an uniform quantity of 2,4,5-T were then used to correct 
the 2,4-D peak. Concentration could then be computed and related back to 
micrograms per gram of plant tissue. With this method rows 16 through 12 
inclusive were analyzed and the results are given in Table 9. From row 
12 to 3 no 2,4-D peak was obtained. Since rows 16 through 13 showed an 
increase in concentration toward the source it is possible that the con­
taminating compound became sufficiently concentrated to mask the 2,4-D peak 
completely. Another possibility is that the plants closer than row 13 were 
so malformed and proliferated in the apical 6 inch sections that neither 
absorption nor translocation was effective in depositing 2,4-D within the 
tissue. 
On September 1 the ripening process was noted to be following the same 
pattern as in 1964. Arrangements had been made to have the harvest pro­
cessed into wine to check the quality so 2,4-D release was stopped on this 
date to allow as much ripening as possible before harvest. On October 8 
the grapes had not attained the required percentage of soluble solids for 
commercial maturity, but the condition of the vines at that time indicated 
that any further increase in soluble solids would be a result of dehydra­
tion rather than synthesis of sugars so they were harvested and taken to 
Council Bluffs for processing. Yield was recorded by weight and number 
of clusters and analyzed by curvilinear regression for both total yield and 
average cluster weight, based on the measurement of a plot of two plants. 
Analysis of variance for total yield, shown in Table 10, indicates that 
yield was primarily a linear relationship on a row basis, but as can be 
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Table 9. Concentration of 2,4-D extracted from samples of field material 
and evaluated by gas chromatography 
Quadrant Row Total Ave. 
16 15 14 13 12 
1 .052 .076 .237 .154 .125 .644 .128 
2 .100 .118 .095 .176 .161 .650 .130 
3 .085 .154 .154 .171 .080 .647 .129 
4 .085 .10 — « .019 
Total .322 .448 .486 .501 .369 
Ave. .080 .112 .162 .167 .123 
Table 10. Analysis of variance by curvilinear regression for total yield 
1965 with significances indicated 
Variable 35 Total yield 1965 
Source df ss MS 
Total 167 787.22 
Regression 24 401.21 (396.32) 
Rows (13) 55.17 
Linear 1 21.57** 
Quadratic 1 5.61 
Cubic 1 4.06 
Quartic 1 6.23 
Quintic 1 2.50 
Rest 8 15.20 1.90 
Sectors (11) 341.15 
Linear 1 53.19** 
Quadratic 1 204.25** 
Cubic 1 52.87** 
Quartic 1 12.37* 
Quintic 1 6.59 
Rest 6 11.88 1.98 
Error 143 386.00 2.69 
F row values F values sector 
Linear = 8.01** Linear = 19.77** 
Quadratic = 2.08 Quadratic = 75.92** 
Cubic = 1.58 Cub ic = 19,65 
Quartic = 2.31 Quartic = 4.59 
Quintic = .92 Quintic = 2.45 
Rest = .70 Rest .73 
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seen in the graphical representation in Figure 30 the slope of the line 
was very small for the rows farther from the source than row three so 
that the increase in yield for distance from the source over the distance 
measured was primarily in the first three rows. The analysis for sectors, 
shown also in Table 10, indicates that there were substantial differences 
in the total yield correlated with the direction from the source. These 
data shown graphically for adjusted values in Figure 31 locate the area of 
greatest yield as the southeast quadrant. One reason for the lower yield 
in the northern sectors 10, 11, 12, and 1 was the severe winter injury ex­
perienced in this part of the experiment during the 1964-65 winter. 
It was desirable to know if the larger yields were a result of the 
same number of clusters with larger berries, or a greater number of clusters 
with approximately the same size berries. The average weight per cluster, 
based on plots of two plants, was analyzed for distance and direction ef­
fects. The analysis of variance, in Table 11, shows that the distribution 
of cluster weight was different in both rows and sectors than that for 
total yield. Graphical representation, shown in Figure 32, indicates that 
on a row basis the increased yield observed with increased distance from 
the source was a result of more clusters rather than an increased weight 
of clusters. In contrast to this the adjusted values for sectors, Figure 
33, indicate that the area of greatest yield had the largest clusters. Di­
rection then had a greater effect on yield and cluster size than distance 
from the source. Since none of the crop reached commercial maturity stand­
ards, there was no feasible way to evaluate the ripeness concept. 
Growth measurements were taken as pruning weight on October 25, 1965. 
This weight had been shown to follow the same distribution as inches of 
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Table 11. Analysis of variance by curvilinear regression for average 
cluster weight 1965 with significances indicated 
Variable 36 Average wt bunches 1965 
Source df ss MS 
Total 167 .892 
Regression 24- .326 
Rows (13) .093 
Linear 1 .002 
Quadratic 1 .021* 
Cubic 1 .003 
Quartic 1 .004 
Quintic 1 .014 
Rest .049 ,0061 
Sectors (11) .216 
Linear 1 .066* 
Quadratic 1 .092* 
Cubic 1 .014 
Quartic 1 .012 
Quintic 1 .005 
Rest 6 .27 ,0045 
Error 143 .566 ,0039 
Row F values F values Sectors 
Linear = .51 Linear = 16 .92** 
Quadratic = 5 .38** Quadratic = 23 .58** 
Cub ic = .76 Cubic = 3 .58 
Quartic = 1 .02 Quartic = 3 .07 
Quintic = 3 .58 Quintic = 1 .28 
Rest = 1 .56 Rest = 1 .15 
Figure 32. Adjusted values for average cluster weight of two plants 
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Figure 33, Adjusted values for average cluster weight of two plants 












growth in 1964 and was more expedient. These data were analyzed by 
curvilinear regression as in previous years and the analysis of variance, 
shown in Table 12, indicates that growth had followed the previous trend 
of increasing with distance to a point and then decreasing. Direction ef­
fects were also similar to previously established trends. Graphical 
representation of adjusted values for rows, shown in Figure 34, indicates 
that the peak growth averaged over sectors coincided with the highest 
value of 2,4-D residue averaged over rows, indicating that this area may 
have been receiving a stimulating concentration. This was also the re­
lationship with sector averages over rows, as shown graphically in 
Figure 35. 
The relationship of yield to growth for rows was that increased 
growth had little effect on total yield, but had some effect on increas­
ing average cluster weight on a row basis, while increased growth showed 
increased yield with larger clusters on a sector basis. 
Table 12. Analysis of variance by curvilinear regression for total growth 
1965 with significances indicated 
Variable 4 
Source df ss 





























Table 12. (Continued) 
Variable 
Source df 
1965 growth data 
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Row F values 
Linear = 
Quadratic = 










Sector F values 
Linear = 19.02** 
Quadratic = 34.15** 
Cubic = 38.71** 
Quartic = .02 
Quintic = .28 
Rest = 3,39 
Table 13. Concentrations recovered from two inbred lines of corn as 
determined by extraction and analysis with gas chromatography 
Treatment M14 WF9 
Check Trace ? .037 
1 week 12.33 15.66 
2 weeks 12.18 7.75 
3 weeks 6.11 6.0 
_5 Concentration X10~ ug/gm plant tissue 
Figure 34. Adjusted values for total growth of two plants by 
row 1965 
127 












FOR GROWTH 1965 
ROWS 
Figure 35. Adjusted values for total growth of two plants by-
sector 1965 
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Because of the resistance of corn, the predominant agricultural 
product of Iowa, to the effects of 2,4-D it has become a widely accepted 
cultural practice for control of susceptible weed species in crop produc­
tion. In addition public utilities maintenance has become dependent upon 
2,4-D; or 2,4,5-T, as the primary herbicides for control of broad-leaved 
species within rights-of-way and other areas. With the increased use 
of this material the atmosphere of Iowa has become contaminated during 
the growing season, and morphological symptoms have been expressed annu­
ally by susceptible crops such as grape. From the degree of these s},Tnp-
toms on grape, and the reduction in yield experienced in the commercial 
production area it was obvious that continuous exposure to this concentra­
tion was producing detrimental effects. Previous investigation (46) using 
direct application of the material to the plant had established that 
grape yields could be reduced by less fruit set, when exposed to 2,4-D, 
but more important, that when fruit set was not affected, ripening could 
be delayed enough to cause loss of the entire crop because of frost in 
many years. Although direct application has occurred by mistake, it is 
less likely that this would be a source of injury found in a vineyard or 
home garden now because of the increased awareness of the public of the 
results of 2,4-D on susceptible crops. Currently, injury, which is found 
throughout the state during the growing season, is a result of vicinity 
spraying or in some cases poor storage of volatile forms so that fumes es­
cape and are distributed by atmospheric conditions to adjacent areas. 
With exposures of this type the susceptible plant receives a smaller 
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concentration over an extended period, which may or may not produce the 
same results as if it had received the entire quantity at one time. 
A greater percentage of the symptoms observed each year is no doubt 
caused by vicinity sprays. In this case there are normally two sources of 
contamination; volatility, which has been reduced in importance as a 
factor in atmospheric contamination by development of less volatile formu­
lations, and spray drift. Since spray drift is a product of fractionation 
of the material into very small droplets which are then transported by 
air currents to other areas, it is independent of the formulation used 
and no doubt produces a major part of he current atmospheric contamination. 
After initial contamination by spray drift, there is some volatility so 
the symptoms observed on susceptible plants are a product of both sources 
and cannot be evaluated in terms of either one independently. 
An experiment was designed to study the effects of volatility, but 
because of the presence of outside contamination it could not be conducted 
in this manner, and was changed to evaluation of the effects of continuous 
exposure to sub-lethal dosages, such as could be received throughout the 
growing season in Iowa. By maintaining a controlled source, continuous 
exposure was insured during the growing season for three of four years so 
that results could be evaluated as an accumulative result in later years 
rather than an individual season's exposure. 
In 1962 the area was established with nursery material as a regular 
vineyard would be. Because of outside contamination the procedure adopted 
during the preliminary investigation was unsatisfactory. As a result, the 
data recorded for 1962 were an evaluation of the effect of ambient 2,4-D 
for that growing season. Growth data for that season indicated that the 
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atmosphere contained a concentration which increased total growth of 
wood. Observations during the growing season indicated that the 2,4-D 
response decreased the total photosynthetic area of the plant. Such a 
decrease combined with greater shoot growth indicated that the plant was 
out of balance in its manufacture and utilization of food products. This 
conclusion was substantiated by winter injury, which coincided with 2,4-D 
injury in the previous season, indicating that these parts had not 
hardened effectively in the fall of 1962. 
Because of the build-up of contamination of the atmosphere, initial 
release was begun early in 1963 to get as much information as possible be­
fore the results became confounded. The controlled source was effective 
in producing the desired symptoms, which followed a systematic progression 
from the source toward the outside of the experiment. Before these symp­
toms reached the outer areas of the experiment some other factor, possibly 
outside contamination caused a progressive movement of symptoms toward 
the center of the experiment so that after the two movements merged the 
effects of neither could be followed independently. Shoot growth for the 
1963 season increased with distance from the source of 2,4-D, out to row 
11. Beyond row 11 growth decreased rapidly. Greater growth in the north­
east quadrat lends some support to the idea that 2,4-D in moderate con­
centrations had increased shoot growth. 
Growth response for 1964 was similar to that of 1963 for both dis­
tance and direction. There was a shift in the location of the greatest 
and least growth, but this could be accounted for by different atmospheric 
conditions. The plants set and produced enough fruit during the 1964 
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season for an analysis of the effects on ripening. Observation showed 
that ripening progressed more rapidly as distance from the source in­
creased. Analysis of the fruit for soluble solids showed that the ripen­
ing followed a linear response with distance from the source. That the 
ripening of fruit did not follow the same curve as growth was considered 
as further evidence that the plants located farther away from the source 
were more nearly normal. Another factor which was considered here was 
that once foliage matures no morphological symptoms are expressed at the 
concentrations used in this experiment. It would seem then that as dis­
tance increased the plant would have more time to produce mature foliage 
before being affected. 
In 1965, initial release was delayed and symptoms were noted that 
could only have been carried over from 1964. Cuttings from these plants 
rooted in the greenhouse did not develop symptoms. The location of the 
plants which expressed carry-over effects indicated that a fairly strong 
concentration is required to produce this effect. Growth for 1965 fol­
lowed previously established trends and gas chromatographic analysis 
showed that the peak growth area had a higher concentration of 2,4-D 
per gram of plant sample. Yield data for 1965 showed that the total 
yield increased slightly as distance from the source increased after the 
fifth row, but was substantially greater in the direction of greater 
growth. Conversion of yield to average cluster weight showed that the 
increased total yield with distance was a result of more clusters rather 
than larger clusters, and that the largest clusters were correlated with 
larger growth. Possibly the increase in vegetative growth had decreased 
the number of first buds set in the previous season. Cluster weight in­
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creased in the direction of greater growth,indicating that total yield 
and growth may have been correlated, even though ripening and growth were 
not. The grapes were harvested on October 8 at which time they had not 
attained commercial maturity standards for soluble solids. 
Throughout the analysis of the data it was obvious that the results, 
although valid, were variable within the experiment. Row results had been 
averaged over sectors and sector results had been averaged over rows so 
that individual areas could be plotted, but the relationship between them 
would be difficult to establish without including the transition zones. 
A row by sector plot was made using orthogonal values which show the re­
sponse of any area of the experiment in relation to other areas of the ex­
periment. The values for both rows and sectors were adjusted for the pres­
ence of both in this plot. The results for growth in 1963, as shown in 
Figure 36, are in contours starting at 100 inches of growth and progress­
ing in units of 100 inches. These data show that maximum growth was 
reached in all directions at approximately the same distance from the 
source, and that beyond that point there was a decrease in growth. The 
total growth at the maximum distance was dependent upon the direction from 
the source, and the first sector east of north had the greatest total of 
growth. The areas of equal growth formed an elliptical shape around the 
source, with the increments closer to the source on the northern half of 
the experiment. As distance from the source increased toward the south 
growth increased less than it did with increased distance toward the north. 
In the northern half, the northeast portion of the experiment had the 
fastest rate of increase and the greatest total growth. This shows that 
a major portion of the row effects, when averaged over sectors, was 
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attributable to the direction of greater growth. Direction effects in­
dicate, as before, that the area of greatest growth was located in what 
was considered to be the area of greatest exposure. Because of the lack 
of an effective method of exposure analysis the area of greatest growth 
could not be analyzed for 2,4-D content and therefore could not be re­
lated to known exposure. Environmental factors and cultural practices 
could have been influential in the production of this type response. 
The same type of analysis was made for the growth data from 1964, and 
is shown in Figure 37, with contours starting at 200 inches and progress­
ing at intervals of 100 inches. This chart shows that there was again a 
distance from the source at which maximum growth occurred in all directions 
but that the distance was farther from the source than it had been in 1963. 
The pattern, although again of an elliptical shape, had changed in loca­
tion from the previous growing season to where the contours of equal growth 
were closer to the source on the east side of the experiment and farther 
away on the northwest side of the experiment. The area of maximum growth 
for direction had changed from northeast to east which had been an area 
of intermediate growth the previous year, but which was also consi ' .red 
to be exposed more readily from the controlled source. The previously 
stated possibilities could again account for this. The fact that this 
area had changed in location with respect to the other parts of the experi­
ment in both distance and direction indicates that it was not an area of 
high fertility or other inherent factor in the design. 
Analysis of 1965 growth, which was taken as pruning weights, was done 
on the same basis and is shown in Figure 38. The zone of maximum growth 
Figure 37. Row by sector plot ot adjusted values tor total growth of two plants in 1964 
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.vas again located at an equal distance from the source in all directions, 
but as before did not represent the same amount of growth in all direc­
tions. The contours represent pounds of prunings removed in increments 
of 0.12 pounds. In the process of correction of the data by computation 
of adjusted values for each observation, some were less than 0.0 and did 
not appear on the plot. The transition from increased to decreased 
growth was apparent, however, as well as the location of the area of maxi­
mum growth, which had again changed from the previous seasons in both dis­
tance and direction from the source. The elliptical shape of the contours 
of equal growth had become closer to the source on the southeast side and 
farther away on the northwest side. Again the area of greatest growth 
was located where it would be expected to be protected from outside con­
tamination, so the previously stated possibilities exist. Fruit yield 
for 1965 was analyzed by this method for total yield, shown in Figure 39, 
and average cluster weight, shown in Figure 40. Contours for total yield 
start at 0.0 and progress at .32 intervals in pounds, and for cluster 
weight start at 0.0 and progress in steps of .01 pounds. The total yield 
plotted by this method showed why there was a steady but not significant 
increase in yield with increased distance from the source. The area of 
highest yield was combined with a large area of almost nonexistent yield, 
whereas any area of moderate yield was combined with a larger area of 
moderate yield and a smaller area of no yield. The area of greatest yield 
Correlated well with the area of greatest growth, which would reduce the 
possibility of stimulation effects on vegetative growth alone. Average 
weight per cluster followed the same distribution as growth and yield for 
Figure 39, Row by sector plot of adjusted values for total yield of two plants in 1965 
TOTAL YIELD 
1965 
A = 0.0 
B = 0.32 
C = 0.64 
D = 0.92 
E = 1.28 
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G = 1.02 
H = 2.24 
12 13 14 15 16 
Figure 40. Row by sector plot of adjusted values for average cluster weight of two 
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this season with a slightly larger area involved in the maximum size con­
tour, but the location was approximately the same. In July of 1965 plant 
samples consisting of the total apical six inches of growth were taken and, 
analyzed by gas chromatography for 2,4-D content. This showed that there 
was no difference in the direction from the source as to the plant content, 
but that plant content increased from the outside of the experiment until 
the thirteenth row was reached. The peak concentration coincided with the 
row for maximum growth, but with the procedure used it was impossible to 
know whether this was cause or effect. Another substance closely associ­
ated with 2,4-D, which was present in all of the samples, was detected 
during the analysis. This possibly was a degradation product and may have 
masked the 2,4-D peak beyond the twelfth row. Identification of this 
product would be valuable for further studies of this type since it did not 
appear in greenhouse work with short-term exposure. 
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SUMMARY 
Effects of 2,4-D on growth, yield, and metabolism of Concord grape were 
studied by establishing plantings in a circular arrangement around a con­
tinuous source. The plants were exposed throughout the growing season 
for four seasons. 
During the first growing season ambient 2,4-D caused morphological 
foliage response to appear by July 1. The symptoms remained and increased, 
but by August 8 recovery was noted throughout the experiment. 
In 1963, with an effective source and an early release date, symptoms 
were observed as they progressed from the source toward the outside of the 
experiment. Before the controlled source symptoms had reached the limits 
of the experiment, ambient 2,4-D produced symptoms which moved inward un­
til the two merged. Measurement of growth during this season showed that 
the pattern of growth had been changed with the source and that a source 
to growth relationship had been established. 
In 1964 symptoms were observed to move both out and in until they 
merged as they had done in 1963, Growth measurements showed that the pre­
vious pattern had been maintained for this season also, but that areas of 
highest and lowest growth had changed position in relation to the source. 
Analysis of fruit for soluble solids showed an increase with increased dis­
tance from the source, tut at the farthest distance from the source, commer­
cial maturity standards were not reached by October 2, 
In 1965 symptoms were observed out to the eighth row which were the 
result of 2,4-D carried over from the previous year. Cuttings from these 
plants did not produce symptoms when rooted in the greenhouse. Growth 
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followed the previously established pattern with another change in posi­
tion in relation to the source. Total yield when plotted for both dis­
tance and direction followed the same pattern as growth, but when averaged 
over rows showed no significant change from the fifth row out. Average 
cluster weight followed the pattern of growth and total yield so that the 
most growth, yield, and largest cluster size were located in the same area. 
Gas chromatography analysis showed the highest tissue content of 2,4-D to 
be located in the area of greatest growth. 
The method of extraction for analysis by gas chromatography using an 
electron capture detector is described. 
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